Abstract. The even parity J = O , I and 2 autoionizing spectra of Sr have been observed below the 4d,/, threshold using two-step laser spectroscopy from the ground State atom 5s' in an atomic beam.
Introduction
The development of various multistep and multiphoton laser techniques during recent years has resulted in an increased number of detailed experimental data on autoionizing doubly excited states of the alkaline-earth atoms. This paper deals with the autoionizing spectrum of Sr, which has been much less studied than Ba in laser experiments because of its higher ionization limit.
Most of the previous experimental investigations on the autoionizing spectrum of SI deal with the odd parity states. Spectroscopic data on the J = 1 levels have been obtained by standard uv absorption spectroscopy from the 
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On the theoretical side, several works have demonstrated recently that a good description of doubly excited states of alkaline earths can be obtained by combining the eigenchannel R-matrix method, developed by Greene (1985) with the multichannel quantum defect theory (MQDT) (Seaton 1983, Fano and Rau 1986) . This approach has been successfully employed in Sr to analyse energy level positions, autoionization profiles , Aymar 1987 , Kompitsas et al 1990 and photoelectron spectra (Aymar and Lecomte 1989) .
Concerning the even-parity spectrum of Sr, the 'So and ID2 spectra were investigated but the above-threshold experimental data were too scarce to allow the reliability of the predicted energies to be tested. The purpose of this paper is to deliver new experimental data on the even-parity autoionizing J = 0 spectrum of Sr. Investigation of this spectrum is of particular interest because controversies arose over where the 5p2 ISo level lies. The 5p2 IS, label was initially given to the level at 37 160.28 cm-' in Moore's table (1971) . However this assignment has been questioned in multiconfiguration Hartree-Fock (Froese-Fischer and Hansen 1981, Aspect et a/ 1984) and R-matrix (Aymar ef al 1987) calculations, giving a dominant 4d2 character to that energy level and predicting the location (Aymar et a / 1987) of the 5p2 ISo above the ionization limit. One motivation of the present work is to check this prediction.
We report in this paper new experimental data on the even-panty J = 0 spectrum obtained using two-step laser excitation techniques. In this experiment, the autoionizing spectrum has been recorded via the 4d5p 'P, intermediate level. The J = O levels are identified among the possible J = 0, 1,2 resonances by comparing two different records with m r and m u linear polarization for the two lasers. Observed data mainly concern the two 4d312nd3/2 and 4ds/2nd,/, J = O series. In addition an important result of our investigation is the observation of the 5p2 ' S o level above the first ionization limit which is identified with a broad J = 0 autoionizing resonance at 54 451 130 cm-'. Data on the even parity J = 1 and J = 2 spectra are currently under analysis and will be given in a forthcoming paper.
The interpretation of the experimental data is performed by a theoretical approach combining the eigenchannel R-matrix and MQDT methods. This approach provides a very good description of the energy of the observed members of the 4dnd J = 0 series which are strongly perturbed as expected by the newly observed 5p* ' S o level but also by the predicted 5p6p 'Po level which has not been observed yet.
.
Experimental set-up
The detailed description of the apparatus (see figure l), has been given elsewhere (Kompitsas ef a / 1990). Briefly, a Sr effusive atomic beam is produced in a resistively heated oven. Following the two-step laser photoionization, the Sr ions produced are detected in a homemade time-of-flight mass spectrometer and the signal is processed by usual boxcar techniques and recorded simultaneously on a chart recorder and a computer.
The even autoionizing spectrum lying in the 54 000-60 800 cm-l region is excited from the ground state by a two-step process. In this kind of experiment the spectra are dependent on the low jitter of the two synchronized pump beams. Thus an electronic circuit (at a repetition rate of 10 Hz) is developed which fires the lasers, controls the pulses to the mass spectrometer and triggers the signal processing. The electronic synchronization of the two pump lasers allows an adjustable delay within a few ns which is crucial for the signal-to-noise ratio of the recorded spectra.
The first-step laser system (called uv laser hereafter) consisted of a Nd-YAG-pumped dye laser (Datachrom from Quantel). The Coumarin 480 dye output (around 5 mJ/pulse energy) is frequency doubled in a LFM crystal (Quantum Tecnology) which delivers about 100 p J of uv light in the 240-260 nm range. This laser beam is used to populate selectively appropriate 'P, odd intermediate states. The second-step laser was a n excimer pumped dye laser tuned in the 500-680 nm region to excite the final autoionizing state. This system (called visible) is counterpropagating along the first one. The two unfocused beams cross perpendicularly the atomic beam and are linearly polarized by Glan-Thomson prisms placed just before the vacuum chamber entrance windows. The relative direction of the linear polarizations of the two beams is experimentally adjusted in a known two-step resonance. The linewidth of the second laser is about 0.2 cm-I and its wavelength is calibrated by simultaneously recording a Ne-optogalvanic spectrum and the transmission fringes of a 1 cm-' free-spectral-range Fabry-Perot interferometer. The pulse energy is varied between 3 and 10 p J by neutral glass filters so that line broadening could be avoided.
3. Two-step experiment and J-selection rules using polarization spectroscopy During most of these measurements, the uv laser excites the level positioned at 41 172.15 cm-' ( A =242.9 nm). It is labelled in Moore's table (1971) as 5s8p 'P,. Other repons ( c a n o n and Codiing i468, Baig and Connerade i984) proposed the 4d5p 'P, label for this level. Then it was confirmed by many calculations done with the empirical MQDT (Lu 1977 , Esherick 1977 , the MCHF method (Vaeck et al 1988) or the R-matrix method (Aymar et a/ 1987) . All these calculations showed that the 4d5p character is spread out in many 5snp1P, levels with the maximum value in the level at 41 172.15 cm-'. We used therefore this intermediate level since a large oscillator strength for the second step transition to the 5p2 and 4dnd states is expected. This fact accounted for the best signal-to-noise ratio for the 41 172.15 cm-' level when probing the other surrounding 5snp 'PI intermediate states.
Starting from the Sr ground state with a zero total angular momentum, one can detect in a two-step excitation process as described above 17 Rydberg series 4dnl with I = 0, 2, 4 with J equal to 0, 1 or 2 and the expected 5p2 J = O resonance. There are
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: "a 4 d~d 8c:ics FI X J -0 a~gn!a: momen!nm to be observed here. We ~pp!y therefore the two-step polarization technique from the intermediate 41 172.15 cm-' J = 1 level which enables us to identify the J = 0 states among transitions corresponding to J = 0, 1, 2 final states.
This intermediate level is always excited by a light so that only the J = 1, m, = 0 sublevel is populated. The method applies then under the condition that it does not depn!arize b e f m &sorption nf !he second photon. The co!!isions in ?he atomic bezm and radiative decay followed by reabsorption of a resonant photon by a ground-state atom (radiation trapping) can be regarded as possible depolarization mechanisms. Both processes can be neglected here due to the low density of Sr atoms in the interaction region which is about lo9 atoms/cm'.
More critical appeared to be the partial depopulation of the 4d5p 'P, level by radiation to lower levels. Its lifetime is of the order of 27 ns (Jonsson et a / 1984) which is almost twice the laser pulse duration. In this case subsequent absorption of a visible photon gives weak lines due to this mechanism and they have been observed to overlap the spectrum. We have assigned all these lines to transitions to the odd autoionizing levels (Kompitsas et a/ 1990) . At a given pulse energy of the second laser, by adjusting electronically the delay within the ns range between the two lasers we can mostly eliminate such parasitic lines.
According to the relative orientation of the polarization of the second laser we can distinguish the following two cases.
( a ) The second laser is linearly polarized into the same direction as the first one So by comparing the line intensities in the two vv and vu spectra recorded in the same energy range we are able to distinguish J = O upper levels whose transitions appear only on an spectra and J = 1 upper levels which appear only on au spectra. How effectively the polarization method works depends again on the intensity of the visible laser and how carefully the relative direction of the two polarizations can be realized. We present some general observations and use slightly different experimental conditions in different energy regions to identify the J values. ( a ) The transitions leading to the 4dsi2nd J = 0 series are always stronger than the ones to the 4d,,,nd J = 0 series. In the lower part of the spectrum (54 000-59 500 cm-') with a visible laser energy of 3-6 pJ, the unfavoured 4d3/,nd J = 0 lines in the nu spectra are totally eliminated while only few weak lines pertaining to 4ds/,nd J = O are observed. ( b ) Most of the J = 2 transitions are weaker than the J = 0 ones, so in the higher part of the spectra the laser intensity can he increased to 10-12 pJ to obtain enough intensity of the J = 2 transitions which serve also as secondary standards in all spectra. ( c ) Finally in this higher intensity condition when the J = 0 lines appear in the au position as small peaks, they are always increased by an order of magnitude in the an spectra. Similar observations are made concerning the J = 1 resonances. To conclude, the J assignment by comparing nv and x u spectra is effective for most of the observed transitions.
. . 
Measurements and results

5pz 'So and low-lying 4d6d (n =4, 5) J=O levels
The lowest members n = 5,6 of the 4dnd series and the expected 5p2 'So level are placed energetically such that they can also be excited in the direct two-photon process. Newsom et al(1973) identified the 4d5d J = 1 and I = 2 states in the 49 200-51 600 cm-' range and the 4d6d 'F2 state at 54 891.3 cm-'. We use the set-up of section 2 operating it with only one focused dye laser beam with its wavelength in the 350-407 nm range. Following similar arguments to those exposed in section 3 we can induce transitions to final states with J = 0 and 2 by a linearly polarized beam and to states with J = 2 by a circularly polarized beam. In the following we can summarize our results.
(a) Three resonances of the Fano type are observed corresponding to the 4d5d configuration, previously observed by Newsom, at 51 036 cm-' ('F,), 51 356 cm-' (ID2) and 51 555 cm-' ('P2) energy positions. There is no evidence for the two 4d5d J = O levels, which are also missing in Newsom's results from emission spectra. We assume that they are broad and very weak when excited directly from the ground state.
( b ) Lines corresponding to the J = 0 and 2 low member 4d6d are presented for the first time in figure 3 . The five narrow lines are identified with 4d6d J = 0 and J = 2 levels; among these levels only the 'F, was previously observed by Newsom ef al (1973) . The additional 5d6d'D2 level is expected to lie outside the energy range considered here, at lower energy. The broad asymmetric structure is then attributed to the 5p2 'So level.
( c ) The differences between the linear and circular polarization rules in the amplitude of the J = 0 transitions are not so pronounced as expected, thus limiting the J assignment of the final level. This may be due either to a partial destruction of the selected polarization by focusing the laser beam as previously observed (Camus er al 1989) or to a not perfectly circular polarization when scanning the dye laser over a large region. So we are not using this two-photon excitation scheme further.
To verify the above observations and for accurate energy level determination we have applied the two-step method via the intermediate 5s7p 'P, level at 38 910 cm-'. Figure 4 gives a part of this m r spectrum. The broad structure assigned to a J = 0 final level is the 5p2 'So autoionizing resonance previously observed in the two-photon experiment. Its energy value is given at 54 451 +30 cm-'.
Oscillator strength using the 4d5p 'PI intermediate state in the two-step experiment would probably be larger than in the previous study using the 5s7p intermediate. But the wavelength of the second-step laser is then too far in the red to be pumped by an excimer laser. Figure 5 shows a part of the Sr spectrum which lies between the 5s and the 5p thresholds, relevant for this experiment. Also shown are the lowest members 4d2 J = 0 and the 5p2'P0 (Moore 1971) which are bound. We adopt the 4d2 'So assignment for the level at 37 160.28 cm-' (in Moore's table it is labelled as 5p2 'So) since according to Aymar er 01 (1987) it has twice as much 4d2 character as 5p2. In this study we find that the 5p2 ISo is above the first ionization limit and located at 54 451 cm-'. Following the two step polarization method described above we have observed the 4dnd J = O series (n a 7 ) up to the 4d,,, threshold and the results are given in table 1. in figure 6 the region 59 000-59 400 cm-' is shown in detaii, where, according to the theoretical predictions (see sections 5.2 and 5.3), the second perturber 5p6p 3P, of the J = 0' series should lie. Its predicted position (59 065 cm-') is marked by an arrow (A) while the arrow (B) indicates the predicted position (59 323 cm-') of the perturbed 4d3/,lld J = 0 level. By comparing m r and TU spectra there is no evidence of both levels even though the spectrum is recorded with a high sensitivity of the detection system to identify possible weak transitions at the predicted positions. The weak J = 1 transitions in the TU spectra appear due to the high sensitivity of the detector. On the other hand we have recorded the strong 4ds/,10d resonance at 59258.8 cm-'.
Upper members of the 4dnd J = O series
In figure 7 the m r and vu spectra are compared to show the decreasing intensity of the 4d3/,nd J = 0 series. On the other hand the intensities of the series members 4ds,,nd with n = 19 to 21 are considerably stronger. In this energy range, close to the to the 4d,/, limit. The former are also being overlapped by J = 2 resonances converging towards the same 4d,/, limit. Due to these reasons and to the lack of resolution of our experimental set-up we have not been able to measure the positions of the J = 0 4d3/,nd resonances above n = 64. 
Theoretical analysis
General procedure
The analysis of the experimental data has been performed by combining the eigenchan- Greene 1987 Greene , 1988 , Sr (Aymar 1987 , Kompitsas el al 1990) and Ba (Aymar 1990) .
Briefly, the eigenchannel R-matrix (Greene 1985 ) is used to variationally determine the LS-coupled wavefunctions of the valence electron pair within a finite reaction voiume. We use a reaction volume of radius r, = 20 au. The two-electron basis functions are antisymmetrized products of one-electron orbitals coupled to form definite orbital and spin angular momenta. The one-electron orbitals are numerical eigenfunctions of the e-Sr2+ Schrodinger equation. The form of the e-Srzf potential used in this work is similar to the e-Ba2' potential of Aymar (1990) . It includes a screening term and a polarization term, both terms being I-dependent, The dipole polarizability ad of the Sr2+ ion is fixed to 7.4 au and the empirical parameters a: and r: are adjusted to give accurate energy levels of the Sr+ spectrum.
Two independent R-matrix calculations are done for the 'Se and 'P' symmetries; they involve the SSES, 4dnd, 5pnp 's' and 4dnd, 5pnp 'P^ channels respectively. The R-matrix calculations give the logarithmic derivatives of the escaping electron's wavefunction at the reaction surface which are converted into smooth LS-coupled short-range reaction matrices. These matrices are determined as explicit functions of .~~,~~" " the energy E. Using the jj-LS geometric frame transformation, the LS-coupled reaction matrices are recoupled into a largerji-coupled reaction matrix K ( E ) referring to five dissociation channels ( S S~/ , E S , / , , 4d,/,nd,i,, 4d5/Znd5/2, Sp,/,np,/, and Sp,/,np,,,). The calculation of observable quantities from the short-range matrix K ( E ) proceeds by standard MQDT techniques. The only place at which fine structure enters the calculation is this last stage where experimental j-dependent thresholds are used in the MQDT calculations. Two complementary calculations have been done: the first one is restricted to calculating only the positions of the autoionizing lines while the second concems both the positions and profiles of the resonances.
Energy positions of the autoionizing levels
The structure of the J = 0' autoionizing spectrum reflects the mixing of the ~S E S closed channels. As previously explained (Fano and Rau 1986, Lecomte 1987 , Kompitsas et a1 1990), the complete K ( E ) reaction matrix referring to closed and open channels can be contracted to give an effective K.,(E) matrix restricted to closed channels only. Using this matrix, MQDT techniques adapted to bound spectra can be used to calculate the positions of resonant states as well as to analyse channel mixing.
present experimental results. The theoretical energy values are presented in table 1.
All the observed resonances can be associated unambiguously with a theoretical energy and the departures of the experimental points from the theoretical curve are small. The underlying procedure used is adequate to locate each resonance position cnx!innum wit!? the dacb!y excited stnter 8srocinted With with an error comparable to its autoionization width. For high-lying levels the difference between the observed and calculated energies is of the same order as the autoionization width (or experimental uncertainty). As evident from table 1; the largest deviations between experimental and theoretical energies occur in the low energy rangz.
Two different regions of the J = 0 ' autoionizing spectrum below the 4d,,, threshold can be considered. In the high-energy range, for E > 59 700 cm-' ( vSl2 7 10) the observed structures can be described by a two-channel model relevant to describe the 4d3,,nd series perturbed periodically by the 4dsi2nd levels. In this zone, almost pure ii colinline holds for the!eve!r, .~~ the mixing hetween hoth 4d.?d chantle!s being genera!!;, very weak, as illustrated by the very small gaps between the branches of the Lu-Fano plot associated with the 4d3i,nd and 4dsl,nd series. However near usiz = 13.5 and 18.5 levels of both 4dnd series are very close and thus they strongly interact. As indicated in table 1 and figure 11, there is difficulty in labelling these levels unambiguously. In the lower energy range, the situation is obviously more complex. There, the MQDT parameters acquire a strong energy dependence and both 4dnd series are affected by the presence of two perturbers located near v,,,=4 and 8. The lower perturber corresponds to the broad autoionizing profile observed at 54 451 cm-'. Our MQDT analysis shows that this level has a p2 component twice as large as the d2 one and thus this level supports the 5p2 ' S o label; the low-lying bound level at 37 160 cm-' labelled 5p2 'So in Moore's table has to be identified with the 4d2 'So level. However it must be kept in mind that the single-particle label is not appropriate for such strongly mixed n12 levels. The present study is in agreement with the results of the previous R-matrix calculation done in LS coupling (Aymar et a/ 1987) .
The second perturber identified by our theoretical analysis with the 5p6p 'Po level has not been observed. However its effect on the positions of neighbouring 4dnd levels is quite visible on the Lu-Fano plot of figure 8. Moreover it also perturbs the oscillator strengths of the 4d5p 'PI +4dnd J = O transitions; in particular the 4d,/,lld J = 0 level predicted to lie near 59 323 cm-I has not been observed (arrow B on figure 6). The 5p6p 'Po perturber is mixed with several 4dnd J = 0 levels and the theoretical level identified in table 1 as the 5p6p 'Po level corresponds to the largest 5p,/,np component.
Profiles of the autoionizing levels
The high energy position of the 4d5p 'PI level used as the starting level for the second step in this experiment made it difficult for us to calculate the photoionization spectrum out of this level by using the procedure employed for photoionization out of the ground state (Aymar 1987 ) or a low-lying level (Kompitsas et ol 1990 ). This procedure in fact supposes that the starting level should he contained within the reaction volume and it is clear that the 4d5p 'P, level cannot he correctly described within a reaction volume of 20 au.
R-matrix calculations with a much larger reaction volume, not being a trivial extension of this work, have not yet been done. To get some information on the widths of the autoionizing levels we have considered rather the 5s6p 'PI + J = Oe photoionization process. The determination of the wavefunction of the 5s6p 'PI level has been obtained by standard diagonalization within the reaction volume of radius r,, = 20 au. Calculation of the dipole matrix elements connecting the 5s6p 'PI level to the R-matrix eigenstates for the 'Si symmetries allows the calculation of photoionization cross sections.
Figures 9, 10 and 11 display the 5s6p 'PI + J = 0" photoionization cross sections in different energy ranges. The vertical bars refer to the positions of the resonant states as observed in the present study from the 5s7p 'P, or4d5p ' P , level. Because the starting level used in the calculation differs from that used in the experiment, no quantitative comparisons can he made on the intensities and profiles of the resonances. All the 4dnd resonances are narrow except those associated with the 4d5d levels. The two levels associated with the 4d5d levels are large and overlapping and thus the shapes of these resonances are expected to strongly depend on the starting level used to excite them; however the fact that they are relatively broad may perhaps explain why these levels were not observed in the direct two-photon experiment.
The calculated 5s6p 'PI + J = 0' photoionization spectrum in the intermediate energy range (56 000-60 000 cm-') is displayed in figure 10 . In this energy range two resonant states associated with the 5p6p 'Po and 4d3i211d levels respectively have not been observed from the 4d5p 'PI level (figure 6). The predicted positions for these levels are indicated in figure 10 by vertical arrows. It is interesting to note that these levels also do not appear in the 5s6p 'P, + J = 0' spectrum. The irregular behaviour of the intensities reflects mainly the presence of the perturber.
The calculated photoionization spectrum in the energy range just below the 4d,12 threshold is shown in figure 11 . This figure illustrates that the 4d,,,nd lines are much stronger than the 4d3/,nd lines (see figure 7) . In this energy range as well as above the 4d,/2 threshold, the 4d,/,nd J = 0 series is characterized by an almost constant quantum defect of 1.49.
Conclusion
In this work the energy positions of the 4dnd J = 0 series are measured below the 4d threshold. A further important result of our measurements is the identification of the 5p2 'So level as a broad autoionizing resonance at 54 451 cm-'. We applied a two-step excitation process via an appropriate 'P, intermediate level. Among the final J values of the observed resonances being 0, I or 2, we could identify the J = O ones by simply comparing mr and TU spectra in the same energy range, since the J = O resonances appear only in the m r spectra and the J = 1 resonances only in the nu spectra. This method appeared to give reliable results even in such complicated spectra as ours. The theoretical calculations based on the combined eigenchannel R-matrix and MQDT methods have described the energies of the 4dnd levels successfully. In particular they show that the 5p2 ISo state is a strong perturber of the 4dnd J = 0 series and they predict the 5p6p 'Po perturber which could not be observed experimentally from the intermediate level used here. The calculation of the 5s6p 'PI + J = 0' photoionization spectrum allows us to interpret qualitatively some observations obtained for the 4d5p 'P, + I = 0' spectrum.
The identification of the 5p' 'So resonance in the autoionizing region ofthe spectrum completes the data for the positions of the lowest m12 ' S o levels of the alkaline earths. In Be (Clark et a1 1985) , Mg (Bonanno et a1 1986) , Sr (this work) and Ba (Aymar et a1 1982) the lowest mp2 'So level corresponds to a broad autoionizing resonance. In Sr and Ba the mp2 ' S o level strongly interacts with the ( m -l)d2 ISo bound level. In Ca (Armstrong er a1 1977) the 4p2 IS, label was given to a low lying bound level but the 3d2 'So level, expected to lie above the first ionization limit, is unknown. It seems that the positions of these broad, low-lying autoionizing levels play an important role in atomic spectroscopy, since they strongly perturb Rydberg series. Moreover we note that they can be used as first-step intermediates in multistep excitation processes towards higher lying doubly-excited states of similar type. The latter are interesting cases for the study of the electron correlations.
